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Context: aeronautical engines
2
CNRS – UNIVERSITE et INSA de Rouen
Aeronautical engine design is driven by two major constraints
• Economic constraints
➡ reduced fuel consumption
➡ reduced CO2 emissions
• Global efficiency of the engine
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• International regulations
• CAEP regulations
• Main pollutants
• UHC
• Smoke
• Carbon Monoxide (CO)
• Nitrogen Oxides (NOx)
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Large-Eddy Simulation in the aeronautical context
• LES solves the large scales and models the small scales
• It is well suited to the high-fidelity simulation of aeronautical burners
• Challenges
– Unsteady, multi-scale, multi-physics flows
– Need to exploit modern super-computers
JOLIOT-CURIE, PRACE/GENCI at the 
Très Grand Centre de Calcul, CEA
9 Petaflops, 124 000 coresAircraft engine chamber
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The CFD platform: YALES2
• Developed by CORIA and the French Combustion Community
• 250+ researchers/engineers trained at CORIA since 2009
• 150+ articles (Google Scholar)
• A unique network to ease collaboration and transfer of numerics and
models to the industry
Academic partners
GIS SUCCESS [1]
CORIA, IMAG, LEGI, EM2C
IMFT, CERFACS, IFP-EN, LMA
ULB, UMONS, UCL, LOMC,
PPRIME, LMB/INRIA,
CORNELL U., SHERBROOK U.
VERMONT U.
Industrial 
partners
SAFRAN
ARIANE GROUP
SOLVAY
AIR LIQUIDE
SIEMENS/GAMESA
…
HPC experts
ECR lab
INTEL/CEA/GENCI/UVSQ
IBM/ROMEO
SMEs
GDTech
HPC centers
CRIHAN, IDRIS, CINES, TGCC
GENCI, PRACE
www.coria-cfd.fr
[1] http://success.coria-cfd.fr 5
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The CFD platform: YALES2
• Features
– Unstructured meshes (complex geometries) and adaptive grid refinement
– Low-Mach number Navier-Stokes equations (incompressible and variable density) 
solved with a projection method
– Double-domain decomposition [3] and hybrid OpenMP/MPI communications
– Highly efficient solvers for linear system inversion (PCG, DPCG)
– 4th-order central finite-volume method and 4th-order time integration
– Two-phase flows (Lagrangian particles)
– Spray and atomization (Levelset)
– Combustion modeling (Tabulated or complex chemistry, NOx prediction model…)
– Suited for massively parallel computing (>32 000 procs)
6[1] YALES2 web site, http://www.coria-cfd.fr[2] SUCCESS web site, http://success.coria-cfd.fr [3] Moureau et. al., CR Mecanique, 2011
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HPC: in-core and parallel performances
• MPI and hybrid coarse-grain OpenMP/MPI
• Two-level domain decomposition [1]
– Enables to fit in L2 cache memory
– Used for the preconditioning of the linear solvers
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Weak scaling for a low-Mach number
turbine blade calculation on the Curie 
machine at TGCC, CEA
Malandain et al., JCP 2013
[1] Moureau et. al., CR Mecanique, 2011
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• In-house linear solvers
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Prediction of pollutant emissions in realistic burners:
Application to a low-NOx helicopter engine
• LES from J. Lamouroux, SAFRAN Helicopter Engines, in 2015
• 376M elements for 2 injectors, tabulated chemistry, dedicated NOx model [1]
[1] Pecquery et al. (2014) Comb. Flame 161(2) 8
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Future large-scale computations in the industry
• Simulation time for an aeronautical combustor with a mesh of 10
billion tets (2025+ target)
• Many issues have to be addressed
– Mesh management, solving of large linear systems, load
balancing of chemistry integration, data-mining, …
Server
6 years with
256 cores
2025 exascale system
1 day with XX million 
cores
PC : 530 years 
with 6 cores
power
2019 HPC system
24 days with
80,000 cores
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High-fidelity simulation of semi-industrial burners
• LES of the lean-premixed PRECCINSTA burner with finite-rate chemistry
(Sankaran et al. scheme, 17 species, 73 reactions) and heat loss [1]
• 2018 FIRELES PRACE project, 16384 cores on Curie
[1] P. Bénard et al. (2018) Int. Comb. Symp., Dublin
OH – expé.
OH - num.
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When can we expect a DNS of semi-industrial burners?
• LES of PRECCINSTA burner
– 17 species, 72 reactions
– 150 microns
– 877M tets, 4M CPUh
– 16,384 cores, 1 week
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• DNS (flame/turbulence interactions resolving)
– 50 microns
– 143B tets, 442M CPUh
– 200’000 cores, 13 weeks
• DNS (species profile resolving)
– 10 microns
– 89’000B tets
– ???
• Alternative to reach DNS faster ?
110M
Petaflops
Exaflops
???
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A possible way to reach our target simulations faster
• Simulation of a premixed flame with dynamic h-adaptation
• F-TACLES combustion model [1], refinement ratio = 6
12[1] Fiorina et al., C&F, 2009
• A prerequisite is to know how to perform parallel h-adaptation
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Outline
• Context & Motivation
• Parallel mesh adaptation
– Principle
– Load balancing and data transfer
– Example
• Dynamic mesh adaptation
– Metric definition and adaptation triggering
– Examples
– Performances
• Improvements to the dynamic mesh adaptation process
• Conclusions & perspectives
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Objectives
• To design a dynamic mesh adaptation method with the constraints:
– Tailored for distributed-memory system (10,000+ cores)
– Efficient enough to be called every 10 fluid iterations
– Compatible with the modeling approach (finite-volume + LES)
– No remeshing at material interfaces to avoid interpolation errors
• Some choices
– Isotropic mesh adaptation
– Parallelism handled by the flow solver (interpolation, data transfer)
• A first check if these objectives are reachable for tets
– Reduced computation cost of fluid solver: 30 to 500 µs/iter/node
– Adaptation of a distributed mesh with MMG: order of 100 µs/node
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A moving interface method for parallel h-adaptation on 
distributed memory systems
• Principle with a single-level domain decomposition [1]
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[1] Digonnet et
CNRS – UNIVERSITE et INSA de Rouen
A moving interface method for parallel h-adaptation on 
distributed memory systems
• Generalization to a 2-level domain decomposition [1]
• The MMG library [2] from INRIA/IMB adapts the mesh (vol/surf) on each rank
• Skewness is the main measure of the mesh quality
• Example for 4 processors
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Merging
MMG3D
Adaptation with
fixed interfaces
Interpolation
& Splitting
Constrained load
balancing
Initial mesh
www.mmgtools.org
Quality check
3 to 5 cycles
• MMG input: isotropic metric
[2] Dapogny et al., JCP 2014[1] Bénard et al., IJNMF, 2015
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Input metric to MMG
• At each adaptation step, a metric is given to MMG:
• has to be different from because it is not 
compatible at the interfaces and walls
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at the interface
away from interface
Mstep = FMM(Mcurrent,Mtarget, hgrad)
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Constraint load balancing
• The first method is based on edge-weighted graph partitioning
• A graph of the element groups is built
• METIS is called on the master rank with
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Optimized transfer of cell groups
• Outer loop: 
– List all the sending operations (rank N to rank M)
– Shuffle these sending operations
– Perform as many parallel sending operations as possible
• Inner loop: rank N sends cell groups to rank M
– Pack the cell groups on rank N in a single real array
– Non-blocking send/recv of the pack
– Unpack the cell groups on rank M
– Rebuild connectivity on ranks N, M and connected ranks
• Remarks
– One cell group is a few MB => the MPI latency is still reasonable
(a few 100 µs to 1 ms)
– Packing/unpacking and rebuilding the connectivity are the time 
consuming algorithms
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Example: user-independent LES of aeronautical burners
• 2018 TERATEC/Usine Digitale award
• First LES Design of Experiment performed at SAFRAN TECH in 2018
• 9 combustion LES for injection system design (30h per run !)
20
Flow init. Fuel inj. Ignition + Stabilization Mesh Convergence Final statistics
Temperature
MeshVelocity
• “All in one run” : Embedded run scenario
(initialization, fuel injection, ignition, 
stabilization,…)
• Automatic mesh convergence included
• User-specified CPU budget
CNRS – UNIVERSITE et INSA de Rouen
Outline
• Context & Motivation
• Parallel mesh adaptation
– Principle
– Load balancing and data transfer
– Example
• Dynamic mesh adaptation
– Metric definition and adaptation triggering
– Examples
– Performances
• Improvements to the dynamic mesh adaptation process
• Conclusions & perspectives
21
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A simple metric definition for material interfaces
• The target metric is based on the distance to the interface (flame
front or liquid/gas interface)
22
Cell size
Distance to
Interface
 xmin
0
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When to remesh?
• Metric definition
23
S
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Metric
Distance to
Interface
0
M
<latexit sha1_base64="V2r2GIhA+kO451S848GzRll92Fk=">AAACE3icbVDLSgMxFM3UV62vqks 3wSK4KjNV0GXRjRuhgn1AW0qSybShmWRIMmIZ5jO61Q9xJ279AL/DHzDTzmZaLwQO55xwzz044kwb1/1xShubW9s75d3K3v7B4VH1+KSjZawIbRPJpephpClngrYNM5z2IkVRiDnt4ul9pndfqNJMimczi+gwR GPBAkaQsVR/ECIzIYgnj+moWnPr7mLgOvByUAP5tEbV34EvSRxSYQhHWvc9NzLDBCnDCKdpZRBrGiEyRWOaLIKm8MJSPgyksk8YuGALPhRqPQuxdWbB9KqWkf9p/dgEt8OEiSg2VJDloiDm0EiYXQ19pigxfGY BIorZhJBMkELE2G4KWwzCMUfqtZgfY5+JcVqp2Ja81U7WQadR967qjafrWvMu76sMzsA5uAQeuAFN8ABaoA0IkGAO3sC7M3c+nE/na2ktOfmfU1AY5/sPOPSe1Q==</latexit>
Mfront
<latexit sha1_base64="HWzMFdpXmVPGPA0qlGr80R5MF1k=">AAAC3XicjVHLSsNAFD2N73fUjeA mWARXJVVBl0U3boQKthXaUibjVEPzYjIRpdSdO3HrD7jV3xH/QP/CO2MKPhCdkOTMufecmXuvlwR+qlz3pWCNjI6NT0xOTc/Mzs0v2ItL9TTOJBc1HgexPPFYKgI/EjXlq0CcJFKw0AtEw+vt63jjQsjUj6Nj dZWIdsjOIr/rc6aI6tgrrZCpc86C/uGg01LiUvW7Mo7UoGMX3ZJrlvMTlHNQRL6qsf2MFk4RgyNDCIEIinAAhpSeJspwkRDXRp84Scg3cYEBpkmbUZagDEZsj75ntGvmbER77ZkaNadTAnolKR2skyamPElYn+ aYeGacNfubd9946rtd0d/LvUJiFc6J/Us3zPyvTtei0MWuqcGnmhLD6Op47pKZruibO5+qUuSQEKfxKcUlYW6Uwz47RpOa2nVvmYm/mkzN6j3PczO86VvSgMvfx/kT1DdL5a2Se7RdrOzlo57EKtawQfPcQQU HqKJG3td4wCOerI51Y91adx+pViHXLOPLsu7fAb19mjo=</latexit>
Mbackground
<latexit sha1_base64="Vbi4bXHVLuf4rLnUKWYFftHWtlk=">AAAC4nicjVHLSsNAFD2Nr/qOuhQhWARXJVVBl0U3 bgQFq0IrZTKd1tC8mEzEUrpy507c+gNu9WPEP9C/8M4YQS2iE5KcOfeeM3Pv9ZLAT5XrvhSskdGx8Yni5NT0zOzcvL2weJLGmeSixuMglmceS0XgR6KmfBWIs0QKFnqBOPW6ezp+eilk6sfRseol4jxknchv+5wpopr2SiNk6oKzoH8waDaUuFJ9 j/FuR8ZZ1Bo07ZJbds1yhkElByXk6zC2n9FACzE4MoQQiKAIB2BI6amjAhcJcefoEycJ+SYuMMAUaTPKEpTBiO3St0O7es5GtNeeqVFzOiWgV5LSwRppYsqThPVpjolnxlmzv3n3jae+W4/+Xu4VEqtwQexfus/M/+p0LQpt7JgafKopMYyujucu memKvrnzpSpFDglxGrcoLglzo/zss2M0qald95aZ+KvJ1Kze8zw3w5u+JQ248nOcw+Bko1zZLLtHW6Xqbj7qIpaxinWa5zaq2MchauR9jQc84slqWTfWrXX3kWoVcs0Svi3r/h1b+Jxj</latexit>
2NpMfront
<latexit sha1_base64="em0Gewu0jlJXF5BMyyxFneN+12o=">AAAC 43icjVHLSsNAFD2N7/qquhQkWARXJVVBl0U3bhQFqwUrZTKdtsG8mEzEUrpz507c+gNu9V/EP9C/8M6YglpEJyQ5c+49Z+be68a+lyjHec1ZI6N j4xOTU/npmdm5+cLC4mkSpZKLKo/8SNZclgjfC0VVecoXtVgKFri+OHMv93T87ErIxIvCE9WNxUXA2qHX8jhTRDUKKxv2YSO26wFTHc783kG/UV fiWvVaMgpVv1EoOiXHLHsYlDNQRLaOosIL6mgiAkeKAAIhFGEfDAk95yjDQUzcBXrESUKeiQv0kSdtSlmCMhixl/Rt0+48Y0Paa8/EqDmd4tMrS WljjTQR5UnC+jTbxFPjrNnfvHvGU9+tS3838wqIVegQ+5dukPlfna5FoYUdU4NHNcWG0dXxzCU1XdE3t79UpcghJk7jJsUlYW6Ugz7bRpOY2nV vmYm/mUzN6j3PclO861vSgMs/xzkMTjdK5c2Sc7xVrOxmo57EMlaxTvPcRgX7OEKVvG/wiCc8W8K6te6s+89UK5dplvBtWQ8ffs6cBQ==</late xit>
with
• When to remesh ? [1,2]
• Each 
• Given Np we can derive a CFL-like 
condition for Na: 
M = ↵Mfront + (1  ↵)Mbackground
<latexit sh a1_base64="vYqqQLtkm lkgHEVPX9xHIGr4sxQ=" >AAACYHicbVBNTxsxFHS 2LQ2hQCg3uFiNkECIaJci 0UulqFy4IFGpCUhsFD17 vYmF117ZbxHRav8Zf4Rr ruXGH8D5ODSkT7I0mhn7 jYflSjoMw+da8OHjp7XP9 fXGxpfNre3mzteeM4Xlo suNMvaWgRNKatFFiUrc5 lZAxpS4YfcXU/3mQVgnj f6D41z0MxhqmUoO6KlBsx dngCMOqryq6E8ag8pHQP 8hB2VsM5pao7Gix/QwOp l7jlZNDPj90JpCJ9Wg2Q rb4WzoKogWoEUWcz1ovsa J4UUmNHIFzt1FYY79Eix KrkTViAsncv8+DEU5+3V FDzyV0NRYfzTSGbvkg8y 5cca8c5rUvdem5P+0uwLT H/1S6rxAofl8UVooioZO K6SJtIKjGnsA3EqfkPIR WODoi17agsAKBfZxOT9ji dTDqtHwLUXvO1kFvdN29 L19+vus1fm16KtO9sk3c kgick465JJcky7h5IlMy F/yUpsE9WA72Jlbg9rizi 5ZmmDvDTVXuTY=</late xit>
↵ = f(S,Np)
<latexit sha1_base64="3 a58AQxYRmHgaXgKQuWJVFzWDx0=">AAAC1nicjVHLSsNA FD2Nr1pfrS7dBItQQUqqgm6EohtXUtE+oC1lkk5raF4k E6UU3Ylbf8CtfpL4B/oX3hlTUIvohCRnzr3nzNx7zcCxI 2EYryltanpmdi49n1lYXFpeyeZWa5EfhxavWr7jhw2TRd yxPV4VtnB4Iwg5c02H183BsYzXr3gY2b53IYYBb7us79 k922KCqE4212JOcMn0Q71XON8+7QRbnWzeKBpq6ZOglIA 8klXxsy9ooQsfFmK44PAgCDtgiOhpogQDAXFtjIgLCdkq znGDDGljyuKUwYgd0LdPu2bCerSXnpFSW3SKQ29ISh2b pPEpLyQsT9NVPFbOkv3Ne6Q85d2G9DcTL5dYgUti/9KNM /+rk7UI9HCgarCppkAxsjorcYlVV+TN9S9VCXIIiJO4S/ GQsKWU4z7rShOp2mVvmYq/qUzJyr2V5MZ4l7ekAZd+jnM S1HaKpd2icbaXLx8lo05jHRso0Dz3UcYJKqiS9zUe8YR nraHdanfa/Weqlko0a/i2tIcPwneVCg==</latexit>
Np: Ncells propagation
<latexit sha1_base64=" mnS37yeZ7nwEkRzJyennGBIVzB0=">AAAC5HicjVHLS sNAFD3GV62vqksXBovgqqQqKK6KblwVBfsAlZKM0xqc JsNkIpbSpTt34tYfcKvfIv6B/oV3xgg+EJ2Q5My555yZ OxNIESba856HnOGR0bHx3ER+cmp6ZrYwN19P4lQxXmO xiFUz8BMuwojXdKgFb0rF/W4geCM43zX1xgVXSRhHh7 on+UnX70RhO2S+JqpVWKq2pHus+aXub7tVxoVIXKli6 XesYNAqFL2SZ4f7E5QzUEQ29uPCE45xihgMKbrgiKAJ C/hI6DlCGR4kcSfoE6cIhbbOMUCevCmpOCl8Ys/p26H ZUcZGNDeZiXUzWkXQq8jpYoU8MekUYbOaa+upTTbsb9 l9m2n21qN/kGV1idU4I/Yv34fyvz7Ti0YbW7aHkHqSlj HdsSwltadidu5+6kpTgiTO4FOqK8LMOj/O2bWexPZuz ta39RerNKyZs0yb4tXski64/P06f4L6Wqm8XvIONoqV neyqc1jEMlbpPjdRwR72UaPsK9zjAY9O27l2bpzbd6k zlHkW8GU4d28YGJw5</latexit>
CFLDMA =
|u · n | ⇤Na t
NpMfront
<latexit sha1_base64="ocLTU cgjl3PZ7B093lakC5 n0ovQ=">AAADMHicj VHLbtQwFL1JeZThNdA lG4sREmIxylAk2CAV WiEWbTVITFupKZHjcT rWOHHkOFWr1D/VP+k KWKHu2v5At1x7MhJQI XCU5Pjcc4597bSUoj JR9D0IF27cvHV78U7 n7r37Dx52Hz3eqlStG R8xJZXeSWnFpSj4yA gj+U6pOc1TybfT6aqr bx9wXQlVfDZHJd/L6 X4hMsGoQSrpTmPDD0 2z+mHdfpnBtY139i2J M01Zcxzn1EzSrKkti dlYGTIniiQeToQ9fkE 2ExqvcWkoMbbZTEqv YFQ2GzaZJWZaFcbaTt LtRf3ID3IdDFrQg3Y MVfcrxDAGBQxqyIFD AQaxBAoVPrswgAhK5P agQU4jEr7OwUIHvTW qOCooslP87uNst2ULn LvMyrsZriLx1egk8A w9CnUasVuN+Hrtkx37 t+zGZ7q9HeE/bbNyZ A1MkP2Xb678X5/rxU AGb3wPAnsqPeO6Y21K 7U/F7Zz80pXBhBI5h 8dY14iZd87PmXhP5Xt 3Z0t9/dwrHevmrNXW cOF2iRc8+PM6r4Otl /3Bcj/69Kq38r696kV 4Ak/hOd7na1iBjzCE EWafwlUAQRCehN/CH+ HZTBoGrWcJfhvh5U9 zR7rY</latexit>
Na t
<latexit sha1_base 64="8LMsLTYWuQSnueMKWdojDTczcTI=">AA ACznicjVHLSsNAFD2Nr1pfVZdugkVwVRIVdF nUhSupYB/QljKZTmtoXiSTQinFrT/gVj9L/A P9C++MKahFdEKSM+eec2fuvU7kuYm0rNecsb C4tLySXy2srW9sbhW3d+pJmMZc1HjohXHTYY nw3EDUpCs90YxiwXzHEw1neKHijZGIEzcMbu U4Eh2fDQK373ImiWpdd1n7UniSmbJbLFllSy 9zHtgZKCFb1bD4gjZ6CMGRwodAAEnYA0NCTw s2LETEdTAhLibk6rjAFAXypqQSpGDEDuk7oF 0rYwPaq5yJdnM6xaM3JqeJA/KEpIsJq9NMHU 91ZsX+lnuic6q7jenvZLl8YiXuiP3LN1P+16 dqkejjTNfgUk2RZlR1PMuS6q6om5tfqpKUIS JO4R7FY8JcO2d9NrUn0bWr3jIdf9NKxao9z7 Qp3tUtacD2z3HOg/pR2T4uWzcnpcp5Nuo89r CPQ5rnKSq4QhU13fFHPOHZqBojY2rcf0qNXO bZxbdlPHwAI6STUw==</latexit>
V dt
dx
• How to choose Np ? Depends on the interface dynamics
S : Front sensor
<latexit sha1_base64=" WSnrn4H86SW7QPjDrqe8DMxLl7E=">AAACIHicbVDNS gMxGMzWv1r/qoIXL8EieCq7VVA8FQXxWNH+QLeUbDbb hmaTJflWLHVfpld9EG/iUV/DF3Db7qWtA4FhZsI3jB cJbsC2v63cyura+kZ+s7C1vbO7V9w/aBgVa8rqVAmlW x4xTHDJ6sBBsFakGQk9wZre4HbiN5+ZNlzJJxhGrBOS nuQBpwRSqVs8erzGI1eH+E4rCS42TBqlk26xZJftKfA ycTJSQhlq3eKv6ysah0wCFcSYtmNH0BkRDZwKlhTc2L CI0AHpsdG0dYJPU8nHgdLpk4Cn6lyOhMYMQy9NhgT6Z tGbiP957RiCq86IyygGJunsUBALDApPJsA+14yCGKa EUM3Thpj2iSYU0qHmrgDxYkH0y3x/z/O57CWFQrqSs7 jJMmlUys55ufJwUareZHvl0TE6QWfIQZeoiu5RDdURR a9ojN7QuzW2PqxP62sWzVnZn0M0B+vnD4O2oxg=</la texit>
[1] Alauzet et al. IJNMF 2003 [2] Alauzet et al. JCP 2007
CNRS – UNIVERSITE et INSA de Rouen
The Flame Brush Thickness
• The FBT can be defined as the region where the flame evolves
• The same can be defined for other material interfaces 
24
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How to choose the size of refined mesh region (Np) ?
• Dynamic or static adaptation ? Depends on the Flame Brush Thickness (FBT)
• /!\ Choice has to be considered at each new numerical setup (target cell size, 
etc…). Np is constant in the following examples.
Np
<latexit sha1_base64="Q280x0Nnc9hsgmjh8ytLedKQnZs=">AAACxnicjVHLSsNAFD2Nr 1pfVZdugkVwVRIVdFl005VUtA+opSTTaR2aJiGZKKUI/oBb/TTxD/QvvDNOQS2iE5KcOfeeM3Pv9eNApNJxXnPW3PzC4lJ+ubCyura+UdzcaqRRljBeZ1EQJS3fS3kgQl6XQga8FSfcG/kBb /rDMxVv3vIkFVF4Jccx74y8QSj6gnmSqMvzbtwtlpyyo5c9C1wDSjCrFhVfcI0eIjBkGIEjhCQcwENKTxsuHMTEdTAhLiEkdJzjHgXSZpTFKcMjdkjfAe3ahg1przxTrWZ0SkBvQkobe6SJK C8hrE6zdTzTzor9zXuiPdXdxvT3jdeIWIkbYv/STTP/q1O1SPRxomsQVFOsGVUdMy6Z7oq6uf2lKkkOMXEK9yieEGZaOe2zrTWprl311tPxN52pWLVnJjfDu7olDdj9Oc5Z0Dgou4dl5+KoVD k1o85jB7vYp3keo4IqaqiT9wCPeMKzVbVCK7PuPlOtnNFs49uyHj4AQEGQOA==</latexit>
NpMfront
<latexit sha1_base64="nEz88VcZ32fhTVcmUUJlKmX0xmE=">AAAC4XicjVG7SgNBFD1ZXzG+opZaLA bBKmx8oKVoY6NEMIlgJMyOE13cF7OzooQ0dnZi6w/Y6s+If6B/4Z1xAlqIzrK7d84958zce/00DDLleW8FZ2h4ZHSsOF6amJyaninPzjWzJJdcNHgSJvLYZ5kIg1g0VKBCcZxKwSI/FC3/clfnW1dCZkESH6mbVJxG7D wOugFniqBOefGgk7rtiKkLzsLefr/TVuJa9boyiVW/U6541Q1PL9ereoPAIjWLVGBXPSm/oo0zJODIEUEghqI4BENGzwlq8JASdooeYZKiwOQF+iiRNieWIAYj9JK+57Q7sWhMe+2ZGTWnU0J6JSldLJMmIZ6kWJ/mm nxunDX6m3fPeOq73dDft14RoQoXhP6lGzD/q9O1KHSxZWoIqKbUILo6bl1y0xV9c/dbVYocUsJ0fEZ5STE3ykGfXaPJTO26t8zk3w1To3rPLTfHh74lDXgwRff3oLlara1VvcP1yvaOHXURC1jCCs1zE9vYQx0N8r7FE 57x4nDnzrl3Hr6oTsFq5vFjOY+ffdObqQ==</latexit>
Case 1 :
FBT> optimal NpMfront
à Dynamic adaptation
Case 2 :
FBT< optimal NpMfront
à Static adaptation
• Determine optimal Np
CNRS – UNIVERSITE et INSA de Rouen
Application to a lean-premixed flame
26
4 Metric definition based on a progress variable
4 Same resolution as 110M (300 microns) but with 38M cells (x3 speed-up)
4 Volume/surface adaptation with MMG5.3 and YALES2 2018.11
CNRS – UNIVERSITE et INSA de Rouen
Application to a lean-premixed flame
27
4 Metric definition based on a progress variable
4 Same resolution as 878M (150 microns) but with 260M cells (x4.5 speed-up)
4 Volume/surface adaptation with MMG5.3 and YALES2 2018.11
[1] Mercier et al., ICNC 2019
CNRS – UNIVERSITE et INSA de Rouen
Application to a lean-premixed flame
• Comparison of the dynamically adapted results to static cases [1]
• Progress variable iso-contour:
28
Static
110M static (300µm) 
Dynamic
260M dynamic (150µm)
Static
878M static (150µm) 
• The small-scale wrinkling depends only on the finest cell size
[1] Mercier et al., ICNC 2019
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Application to a lean-premixed flame
• Is the flame wrinkling similar between 150µm dynamic and 150µm static ?
• Flame curvature distribution computed as the divergence of the 
isosurface c=0.7 normal
29
Flame curvature is similar between dynamic 
and static grids of same resolution
è Flame wrinkling is not altered
è No lack of generated turbulence  
CNRS – UNIVERSITE et INSA de Rouen [1] Ashgriz, N., Poo, J.Y., JFM, 1990
We = 23
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Oh = 0.0047
<latexit sha1_base64="utYnNYn4EQ5IGJZh41f8dlHWVkY=">AAAB+nicbVBNS8NAFHypX7V+xXr0sl gETyURoXoQil68WcHYQhvKZrttl242YXcjlpC/4sWDild/iTf/jZs2B20dWBhm3uPNThBzprTjfFulldW19Y3yZmVre2d3z96vPqgokYR6JOKR7ARYUc4E9TTTnHZiSXEYcNoOJte5336kUrFI3OtpTP0QjwQbMoK1kf p2tRdiPZZhejvOLp2645w1+nYtJznQMnELUoMCrb791RtEJAmp0IRjpbquE2s/xVIzwmlW6SWKxphM8Ih2DRU4pMpPZ9kzdGyUARpG0jyh0Uz9vZHiUKlpGJjJPKla9HLxP6+b6OG5nzIRJ5oKMj80TDjSEcqLQAMmKd F8aggmkpmsiIyxxESbuiqmBHfxy8vEO61f1N27s1rzqmijDIdwBCfgQgOacAMt8IDAEzzDK7xZmfVivVsf89GSVewcwB9Ynz/PnJMt</latexit><latexit sha1_base64="utYnNYn4EQ5IGJZh41f8dlHWVkY=">AAAB+nicbVBNS8NAFHypX7V+xXr0sl gETyURoXoQil68WcHYQhvKZrttl242YXcjlpC/4sWDild/iTf/jZs2B20dWBhm3uPNThBzprTjfFulldW19Y3yZmVre2d3z96vPqgokYR6JOKR7ARYUc4E9TTTnHZiSXEYcNoOJte5336kUrFI3OtpTP0QjwQbMoK1kf p2tRdiPZZhejvOLp2645w1+nYtJznQMnELUoMCrb791RtEJAmp0IRjpbquE2s/xVIzwmlW6SWKxphM8Ih2DRU4pMpPZ9kzdGyUARpG0jyh0Uz9vZHiUKlpGJjJPKla9HLxP6+b6OG5nzIRJ5oKMj80TDjSEcqLQAMmKd F8aggmkpmsiIyxxESbuiqmBHfxy8vEO61f1N27s1rzqmijDIdwBCfgQgOacAMt8IDAEzzDK7xZmfVivVsf89GSVewcwB9Ynz/PnJMt</latexit><latexit sha1_base64="utYnNYn4EQ5IGJZh41f8dlHWVkY=">AAAB+nicbVBNS8NAFHypX7V+xXr0sl gETyURoXoQil68WcHYQhvKZrttl242YXcjlpC/4sWDild/iTf/jZs2B20dWBhm3uPNThBzprTjfFulldW19Y3yZmVre2d3z96vPqgokYR6JOKR7ARYUc4E9TTTnHZiSXEYcNoOJte5336kUrFI3OtpTP0QjwQbMoK1kf p2tRdiPZZhejvOLp2645w1+nYtJznQMnELUoMCrb791RtEJAmp0IRjpbquE2s/xVIzwmlW6SWKxphM8Ih2DRU4pMpPZ9kzdGyUARpG0jyh0Uz9vZHiUKlpGJjJPKla9HLxP6+b6OG5nzIRJ5oKMj80TDjSEcqLQAMmKd F8aggmkpmsiIyxxESbuiqmBHfxy8vEO61f1N27s1rzqmijDIdwBCfgQgOacAMt8IDAEzzDK7xZmfVivVsf89GSVewcwB9Ynz/PnJMt</latexit><latexit sha1_base64="utYnNYn4EQ5IGJZh41f8dlHWVkY=">AAAB+nicbVBNS8NAFHypX7V+xXr0sl gETyURoXoQil68WcHYQhvKZrttl242YXcjlpC/4sWDild/iTf/jZs2B20dWBhm3uPNThBzprTjfFulldW19Y3yZmVre2d3z96vPqgokYR6JOKR7ARYUc4E9TTTnHZiSXEYcNoOJte5336kUrFI3OtpTP0QjwQbMoK1kf p2tRdiPZZhejvOLp2645w1+nYtJznQMnELUoMCrb791RtEJAmp0IRjpbquE2s/xVIzwmlW6SWKxphM8Ih2DRU4pMpPZ9kzdGyUARpG0jyh0Uz9vZHiUKlpGJjJPKla9HLxP6+b6OG5nzIRJ5oKMj80TDjSEcqLQAMmKd F8aggmkpmsiIyxxESbuiqmBHfxy8vEO61f1N27s1rzqmijDIdwBCfgQgOacAMt8IDAEzzDK7xZmfVivVsf89GSVewcwB9Ynz/PnJMt</latexit>
 tadapt = 0.35µs
<latexit sha1_base64="oAcP6kppDbncxvIl6q5XF862mD8=">AAACEnicbVDLSgNBEJz1GeMr6tHLYB DEQ9j1gXoQgnrwGMGYQDaE3skkGTKzu8z0CmHJP3jxV7x4UPHqyZt/4+QhaGJBQ1HVTXdXEEth0HW/nJnZufmFxcxSdnlldW09t7F5Z6JEM15mkYx0NQDDpQh5GQVKXo01BxVIXgm6lwO/cs+1EVF4i72Y1xW0Q9ESDN BKjdy+f8UlAsWGrwA7WqXQhBj7527h8PhH8lVCTb+Ry7sFdwg6TbwxyZMxSo3cp9+MWKJ4iEyCMTXPjbGegkbBJO9n/cTwGFgX2rxmaQiKm3o6/KlPd63SpK1I2wqRDtXfEykoY3oqsJ2DK82kNxD/82oJtk7rqQjjBH nIRotaiaQY0UFAtCk0Zyh7lgDTwt5KWQc0MLQxZm0I3uTL06R8UDgreDdH+eLFOI0M2SY7ZI945IQUyTUpkTJh5IE8kRfy6jw6z86b8z5qnXHGM1vkD5yPbzXPnfQ=</latexit><latexit sha1_base64="oAcP6kppDbncxvIl6q5XF862mD8=">AAACEnicbVDLSgNBEJz1GeMr6tHLYB DEQ9j1gXoQgnrwGMGYQDaE3skkGTKzu8z0CmHJP3jxV7x4UPHqyZt/4+QhaGJBQ1HVTXdXEEth0HW/nJnZufmFxcxSdnlldW09t7F5Z6JEM15mkYx0NQDDpQh5GQVKXo01BxVIXgm6lwO/cs+1EVF4i72Y1xW0Q9ESDN BKjdy+f8UlAsWGrwA7WqXQhBj7527h8PhH8lVCTb+Ry7sFdwg6TbwxyZMxSo3cp9+MWKJ4iEyCMTXPjbGegkbBJO9n/cTwGFgX2rxmaQiKm3o6/KlPd63SpK1I2wqRDtXfEykoY3oqsJ2DK82kNxD/82oJtk7rqQjjBH nIRotaiaQY0UFAtCk0Zyh7lgDTwt5KWQc0MLQxZm0I3uTL06R8UDgreDdH+eLFOI0M2SY7ZI945IQUyTUpkTJh5IE8kRfy6jw6z86b8z5qnXHGM1vkD5yPbzXPnfQ=</latexit><latexit sha1_base64="oAcP6kppDbncxvIl6q5XF862mD8=">AAACEnicbVDLSgNBEJz1GeMr6tHLYB DEQ9j1gXoQgnrwGMGYQDaE3skkGTKzu8z0CmHJP3jxV7x4UPHqyZt/4+QhaGJBQ1HVTXdXEEth0HW/nJnZufmFxcxSdnlldW09t7F5Z6JEM15mkYx0NQDDpQh5GQVKXo01BxVIXgm6lwO/cs+1EVF4i72Y1xW0Q9ESDN BKjdy+f8UlAsWGrwA7WqXQhBj7527h8PhH8lVCTb+Ry7sFdwg6TbwxyZMxSo3cp9+MWKJ4iEyCMTXPjbGegkbBJO9n/cTwGFgX2rxmaQiKm3o6/KlPd63SpK1I2wqRDtXfEykoY3oqsJ2DK82kNxD/82oJtk7rqQjjBH nIRotaiaQY0UFAtCk0Zyh7lgDTwt5KWQc0MLQxZm0I3uTL06R8UDgreDdH+eLFOI0M2SY7ZI945IQUyTUpkTJh5IE8kRfy6jw6z86b8z5qnXHGM1vkD5yPbzXPnfQ=</latexit><latexit sha1_base64="oAcP6kppDbncxvIl6q5XF862mD8=">AAACEnicbVDLSgNBEJz1GeMr6tHLYB DEQ9j1gXoQgnrwGMGYQDaE3skkGTKzu8z0CmHJP3jxV7x4UPHqyZt/4+QhaGJBQ1HVTXdXEEth0HW/nJnZufmFxcxSdnlldW09t7F5Z6JEM15mkYx0NQDDpQh5GQVKXo01BxVIXgm6lwO/cs+1EVF4i72Y1xW0Q9ESDN BKjdy+f8UlAsWGrwA7WqXQhBj7527h8PhH8lVCTb+Ry7sFdwg6TbwxyZMxSo3cp9+MWKJ4iEyCMTXPjbGegkbBJO9n/cTwGFgX2rxmaQiKm3o6/KlPd63SpK1I2wqRDtXfEykoY3oqsJ2DK82kNxD/82oJtk7rqQjjBH nIRotaiaQY0UFAtCk0Zyh7lgDTwt5KWQc0MLQxZm0I3uTL06R8UDgreDdH+eLFOI0M2SY7ZI945IQUyTUpkTJh5IE8kRfy6jw6z86b8z5qnXHGM1vkD5yPbzXPnfQ=</latexit>
 xmin = 6µm
<latexit sha1_base64="xouXTtb/hw37u/0rkq8TpKFpTiQ=">AAACDXicbVDLSgMxFM34rPVVdekmWA quyoyIj4VQ1IXLCo4tdIYhk2ba0CQzJBmxDPMFbvwVNy5U3Lp359+YtiNo64HAyTn3cu89YcKo0rb9Zc3NLywuLZdWyqtr6xubla3tWxWnEhMXxyyW7RApwqggrqaakXYiCeIhI61wcDHyW3dEKhqLGz1MiM9RT9CI YqSNFFRq3iVhGsH7wONI9yXPOBX52dHPz+Mp5HlQqdp1eww4S5yCVEGBZlD59LoxTjkRGjOkVMexE+1nSGqKGcnLXqpIgvAA9UjHUIE4UX42PieHNaN0YRRL84SGY/V3R4a4UkMemsrRlmraG4n/eZ1URyd+RkWSai LwZFCUMqhjOMoGdqkkWLOhIQhLanaFuI8kwtokWDYhONMnzxL3oH5ad64Pq43zIo0S2AV7YB844Bg0wBVoAhdg8ACewAt4tR6tZ+vNep+UzllFzw74A+vjGzF1nGo=</latexit><latexit sha1_base64="xouXTtb/hw37u/0rkq8TpKFpTiQ=">AAACDXicbVDLSgMxFM34rPVVdekmWA quyoyIj4VQ1IXLCo4tdIYhk2ba0CQzJBmxDPMFbvwVNy5U3Lp359+YtiNo64HAyTn3cu89YcKo0rb9Zc3NLywuLZdWyqtr6xubla3tWxWnEhMXxyyW7RApwqggrqaakXYiCeIhI61wcDHyW3dEKhqLGz1MiM9RT9CI YqSNFFRq3iVhGsH7wONI9yXPOBX52dHPz+Mp5HlQqdp1eww4S5yCVEGBZlD59LoxTjkRGjOkVMexE+1nSGqKGcnLXqpIgvAA9UjHUIE4UX42PieHNaN0YRRL84SGY/V3R4a4UkMemsrRlmraG4n/eZ1URyd+RkWSai LwZFCUMqhjOMoGdqkkWLOhIQhLanaFuI8kwtokWDYhONMnzxL3oH5ad64Pq43zIo0S2AV7YB844Bg0wBVoAhdg8ACewAt4tR6tZ+vNep+UzllFzw74A+vjGzF1nGo=</latexit><latexit sha1_base64="xouXTtb/hw37u/0rkq8TpKFpTiQ=">AAACDXicbVDLSgMxFM34rPVVdekmWA quyoyIj4VQ1IXLCo4tdIYhk2ba0CQzJBmxDPMFbvwVNy5U3Lp359+YtiNo64HAyTn3cu89YcKo0rb9Zc3NLywuLZdWyqtr6xubla3tWxWnEhMXxyyW7RApwqggrqaakXYiCeIhI61wcDHyW3dEKhqLGz1MiM9RT9CI YqSNFFRq3iVhGsH7wONI9yXPOBX52dHPz+Mp5HlQqdp1eww4S5yCVEGBZlD59LoxTjkRGjOkVMexE+1nSGqKGcnLXqpIgvAA9UjHUIE4UX42PieHNaN0YRRL84SGY/V3R4a4UkMemsrRlmraG4n/eZ1URyd+RkWSai LwZFCUMqhjOMoGdqkkWLOhIQhLanaFuI8kwtokWDYhONMnzxL3oH5ad64Pq43zIo0S2AV7YB844Bg0wBVoAhdg8ACewAt4tR6tZ+vNep+UzllFzw74A+vjGzF1nGo=</latexit><latexit sha1_base64="xouXTtb/hw37u/0rkq8TpKFpTiQ=">AAACDXicbVDLSgMxFM34rPVVdekmWA quyoyIj4VQ1IXLCo4tdIYhk2ba0CQzJBmxDPMFbvwVNy5U3Lp359+YtiNo64HAyTn3cu89YcKo0rb9Zc3NLywuLZdWyqtr6xubla3tWxWnEhMXxyyW7RApwqggrqaakXYiCeIhI61wcDHyW3dEKhqLGz1MiM9RT9CI YqSNFFRq3iVhGsH7wONI9yXPOBX52dHPz+Mp5HlQqdp1eww4S5yCVEGBZlD59LoxTjkRGjOkVMexE+1nSGqKGcnLXqpIgvAA9UjHUIE4UX42PieHNaN0YRRL84SGY/V3R4a4UkMemsrRlmraG4n/eZ1URyd+RkWSai LwZFCUMqhjOMoGdqkkWLOhIQhLanaFuI8kwtokWDYhONMnzxL3oH5ad64Pq43zIo0S2AV7YB844Bg0wBVoAhdg8ACewAt4tR6tZ+vNep+UzllFzw74A+vjGzF1nGo=</latexit>
30Mcells
<latexit sha1_base64="04j6Jf70qoh2vG2mjBXud4OKdPQ=">AAAB+3icbVBPS8MwHE3nvzn/VXf0Ehy CBxmtCupt6MWLMMG6wVpGmqVbWJKWJBVKmV/FiwcVr34Rb34b060H3XwQeLz3+/F7eWHCqNKO821VlpZXVteq67WNza3tHXt370HFqcTEwzGLZTdEijAqiKepZqSbSIJ4yEgnHF8XfueRSEVjca+zhAQcDQWNKEbaSH2 7fur4HOmR5Pmtf4wJY2rStxtO05kCLhK3JA1Qot23v/xBjFNOhMYMKdVznUQHOZKaYkYmNT9VJEF4jIakZ6hAnKggn4afwEOjDGAUS/OEhlP190aOuFIZD81kEVTNe4X4n9dLdXQR5FQkqSYCzw5FKYM6hkUTcEAlwZp lhiAsqckK8QhJhLXpq2ZKcOe/vEi8k+Zl0707a7SuyjaqYB8cgCPggnPQAjegDTyAQQaewSt4s56sF+vd+piNVqxypw7+wPr8Ab8olGU=</latexit><latexit sha1_base64="04j6Jf70qoh2vG2mjBXud4OKdPQ=">AAAB+3icbVBPS8MwHE3nvzn/VXf0Ehy CBxmtCupt6MWLMMG6wVpGmqVbWJKWJBVKmV/FiwcVr34Rb34b060H3XwQeLz3+/F7eWHCqNKO821VlpZXVteq67WNza3tHXt370HFqcTEwzGLZTdEijAqiKepZqSbSIJ4yEgnHF8XfueRSEVjca+zhAQcDQWNKEbaSH2 7fur4HOmR5Pmtf4wJY2rStxtO05kCLhK3JA1Qot23v/xBjFNOhMYMKdVznUQHOZKaYkYmNT9VJEF4jIakZ6hAnKggn4afwEOjDGAUS/OEhlP190aOuFIZD81kEVTNe4X4n9dLdXQR5FQkqSYCzw5FKYM6hkUTcEAlwZp lhiAsqckK8QhJhLXpq2ZKcOe/vEi8k+Zl0707a7SuyjaqYB8cgCPggnPQAjegDTyAQQaewSt4s56sF+vd+piNVqxypw7+wPr8Ab8olGU=</latexit><latexit sha1_base64="04j6Jf70qoh2vG2mjBXud4OKdPQ=">AAAB+3icbVBPS8MwHE3nvzn/VXf0Ehy CBxmtCupt6MWLMMG6wVpGmqVbWJKWJBVKmV/FiwcVr34Rb34b060H3XwQeLz3+/F7eWHCqNKO821VlpZXVteq67WNza3tHXt370HFqcTEwzGLZTdEijAqiKepZqSbSIJ4yEgnHF8XfueRSEVjca+zhAQcDQWNKEbaSH2 7fur4HOmR5Pmtf4wJY2rStxtO05kCLhK3JA1Qot23v/xBjFNOhMYMKdVznUQHOZKaYkYmNT9VJEF4jIakZ6hAnKggn4afwEOjDGAUS/OEhlP190aOuFIZD81kEVTNe4X4n9dLdXQR5FQkqSYCzw5FKYM6hkUTcEAlwZp lhiAsqckK8QhJhLXpq2ZKcOe/vEi8k+Zl0707a7SuyjaqYB8cgCPggnPQAjegDTyAQQaewSt4s56sF+vd+piNVqxypw7+wPr8Ab8olGU=</latexit><latexit sha1_base64="04j6Jf70qoh2vG2mjBXud4OKdPQ=">AAAB+3icbVBPS8MwHE3nvzn/VXf0Ehy CBxmtCupt6MWLMMG6wVpGmqVbWJKWJBVKmV/FiwcVr34Rb34b060H3XwQeLz3+/F7eWHCqNKO821VlpZXVteq67WNza3tHXt370HFqcTEwzGLZTdEijAqiKepZqSbSIJ4yEgnHF8XfueRSEVjca+zhAQcDQWNKEbaSH2 7fur4HOmR5Pmtf4wJY2rStxtO05kCLhK3JA1Qot23v/xBjFNOhMYMKdVznUQHOZKaYkYmNT9VJEF4jIakZ6hAnKggn4afwEOjDGAUS/OEhlP190aOuFIZD81kEVTNe4X4n9dLdXQR5FQkqSYCzw5FKYM6hkUTcEAlwZp lhiAsqckK8QhJhLXpq2ZKcOe/vEi8k+Zl0707a7SuyjaqYB8cgCPggnPQAjegDTyAQQaewSt4s56sF+vd+piNVqxypw7+wPr8Ab8olGU=</latexit>
Water/Air
<latexit sha1_base64="8g4Dilrs6/fs23ULtrNQPDMCcV0=">AAAB+nicbVBNS8NAFNzUr1q/Yj16WS yCp5qIoN6qXjxWMLbQhrLZvrRLN5uwuxFLyF/x4kHFq7/Em//GTZuDVgcWhpn3eLMTJJwp7ThfVmVpeWV1rbpe29jc2t6xd+v3Kk4lBY/GPJbdgCjgTICnmebQTSSQKODQCSbXhd95AKlYLO70NAE/IiPBQkaJNtLAr vcjoscyyjpEgzy+ZDIf2A2n6cyA/xK3JA1Uoj2wP/vDmKYRCE05UarnOon2MyI1oxzyWj9VkBA6ISPoGSpIBMrPZtlzfGiUIQ5jaZ7QeKb+3MhIpNQ0CsxkkVQteoX4n9dLdXjuZ0wkqQZB54fClGMd46IIPGQSqOZT QwiVzGTFdEwkoaYHVTMluItf/ku8k+ZF0709bbSuyjaqaB8doCPkojPUQjeojTxE0SN6Qi/o1cqtZ+vNep+PVqxyZw/9gvXxDZ+/lF4=</latexit><latexit sha1_base64="8g4Dilrs6/fs23ULtrNQPDMCcV0=">AAAB+nicbVBNS8NAFNzUr1q/Yj16WS yCp5qIoN6qXjxWMLbQhrLZvrRLN5uwuxFLyF/x4kHFq7/Em//GTZuDVgcWhpn3eLMTJJwp7ThfVmVpeWV1rbpe29jc2t6xd+v3Kk4lBY/GPJbdgCjgTICnmebQTSSQKODQCSbXhd95AKlYLO70NAE/IiPBQkaJNtLAr vcjoscyyjpEgzy+ZDIf2A2n6cyA/xK3JA1Uoj2wP/vDmKYRCE05UarnOon2MyI1oxzyWj9VkBA6ISPoGSpIBMrPZtlzfGiUIQ5jaZ7QeKb+3MhIpNQ0CsxkkVQteoX4n9dLdXjuZ0wkqQZB54fClGMd46IIPGQSqOZT QwiVzGTFdEwkoaYHVTMluItf/ku8k+ZF0709bbSuyjaqaB8doCPkojPUQjeojTxE0SN6Qi/o1cqtZ+vNep+PVqxyZw/9gvXxDZ+/lF4=</latexit><latexit sha1_base64="8g4Dilrs6/fs23ULtrNQPDMCcV0=">AAAB+nicbVBNS8NAFNzUr1q/Yj16WS yCp5qIoN6qXjxWMLbQhrLZvrRLN5uwuxFLyF/x4kHFq7/Em//GTZuDVgcWhpn3eLMTJJwp7ThfVmVpeWV1rbpe29jc2t6xd+v3Kk4lBY/GPJbdgCjgTICnmebQTSSQKODQCSbXhd95AKlYLO70NAE/IiPBQkaJNtLAr vcjoscyyjpEgzy+ZDIf2A2n6cyA/xK3JA1Uoj2wP/vDmKYRCE05UarnOon2MyI1oxzyWj9VkBA6ISPoGSpIBMrPZtlzfGiUIQ5jaZ7QeKb+3MhIpNQ0CsxkkVQteoX4n9dLdXjuZ0wkqQZB54fClGMd46IIPGQSqOZT QwiVzGTFdEwkoaYHVTMluItf/ku8k+ZF0709bbSuyjaqaB8doCPkojPUQjeojTxE0SN6Qi/o1cqtZ+vNep+PVqxyZw/9gvXxDZ+/lF4=</latexit><latexit sha1_base64="8g4Dilrs6/fs23ULtrNQPDMCcV0=">AAAB+nicbVBNS8NAFNzUr1q/Yj16WS yCp5qIoN6qXjxWMLbQhrLZvrRLN5uwuxFLyF/x4kHFq7/Em//GTZuDVgcWhpn3eLMTJJwp7ThfVmVpeWV1rbpe29jc2t6xd+v3Kk4lBY/GPJbdgCjgTICnmebQTSSQKODQCSbXhd95AKlYLO70NAE/IiPBQkaJNtLAr vcjoscyyjpEgzy+ZDIf2A2n6cyA/xK3JA1Uoj2wP/vDmKYRCE05UarnOon2MyI1oxzyWj9VkBA6ISPoGSpIBMrPZtlzfGiUIQ5jaZ7QeKb+3MhIpNQ0CsxkkVQteoX4n9dLdXjuZ0wkqQZB54fClGMd46IIPGQSqOZT QwiVzGTFdEwkoaYHVTMluItf/ku8k+ZF0709bbSuyjaqaB8doCPkojPUQjeojTxE0SN6Qi/o1cqtZ+vNep+PVqxyZw/9gvXxDZ+/lF4=</latexit>
420 cores
<latexit sha1_base64="Qa+VrrlHwwTGHruxvzq5znZMB64=">AAAB+3icbVBPS8MwHE3nvzn/VXf0EhyCB xntGKi3oRePE6wbrGWkWbqFJU1JUqGU+VW8eFDx6hfx5rcx3XrQzQeBx3u/H7+XFyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PHpRIJSYeFkzIfogUYTQmnqaakX4iCeIhI71welP4vUciFRXxvc4SEnA0jmlEMdJGGtr1dsvxz 32O9ETyHAtJ1GxoN5ymMwdcJW5JGqBEd2h/+SOBU05ijRlSauA6iQ5yJDXFjMxqfqpIgvAUjcnA0BhxooJ8Hn4GT40ygpGQ5sUaztXfGzniSmU8NJNFSrXsFeJ/3iDV0WWQ0zhJNYnx4lCUMqgFLJqAIyoJ1iwzBGFJTVaIJ0 girE1fNVOCu/zlVeK1mldN967d6FyXbVTBMTgBZ8AFF6ADbkEXeACDDDyDV/BmPVkv1rv1sRitWOVOHfyB9fkDoI2UVA==</latexit><latexit sha1_base64="Qa+VrrlHwwTGHruxvzq5znZMB64=">AAAB+3icbVBPS8MwHE3nvzn/VXf0EhyCB xntGKi3oRePE6wbrGWkWbqFJU1JUqGU+VW8eFDx6hfx5rcx3XrQzQeBx3u/H7+XFyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PHpRIJSYeFkzIfogUYTQmnqaakX4iCeIhI71welP4vUciFRXxvc4SEnA0jmlEMdJGGtr1dsvxz 32O9ETyHAtJ1GxoN5ymMwdcJW5JGqBEd2h/+SOBU05ijRlSauA6iQ5yJDXFjMxqfqpIgvAUjcnA0BhxooJ8Hn4GT40ygpGQ5sUaztXfGzniSmU8NJNFSrXsFeJ/3iDV0WWQ0zhJNYnx4lCUMqgFLJqAIyoJ1iwzBGFJTVaIJ0 girE1fNVOCu/zlVeK1mldN967d6FyXbVTBMTgBZ8AFF6ADbkEXeACDDDyDV/BmPVkv1rv1sRitWOVOHfyB9fkDoI2UVA==</latexit><latexit sha1_base64="Qa+VrrlHwwTGHruxvzq5znZMB64=">AAAB+3icbVBPS8MwHE3nvzn/VXf0EhyCB xntGKi3oRePE6wbrGWkWbqFJU1JUqGU+VW8eFDx6hfx5rcx3XrQzQeBx3u/H7+XFyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PHpRIJSYeFkzIfogUYTQmnqaakX4iCeIhI71welP4vUciFRXxvc4SEnA0jmlEMdJGGtr1dsvxz 32O9ETyHAtJ1GxoN5ymMwdcJW5JGqBEd2h/+SOBU05ijRlSauA6iQ5yJDXFjMxqfqpIgvAUjcnA0BhxooJ8Hn4GT40ygpGQ5sUaztXfGzniSmU8NJNFSrXsFeJ/3iDV0WWQ0zhJNYnx4lCUMqgFLJqAIyoJ1iwzBGFJTVaIJ0 girE1fNVOCu/zlVeK1mldN967d6FyXbVTBMTgBZ8AFF6ADbkEXeACDDDyDV/BmPVkv1rv1sRitWOVOHfyB9fkDoI2UVA==</latexit><latexit sha1_base64="Qa+VrrlHwwTGHruxvzq5znZMB64=">AAAB+3icbVBPS8MwHE3nvzn/VXf0EhyCB xntGKi3oRePE6wbrGWkWbqFJU1JUqGU+VW8eFDx6hfx5rcx3XrQzQeBx3u/H7+XFyaMKu0431ZlbX1jc6u6XdvZ3ds/sA+PHpRIJSYeFkzIfogUYTQmnqaakX4iCeIhI71welP4vUciFRXxvc4SEnA0jmlEMdJGGtr1dsvxz 32O9ETyHAtJ1GxoN5ymMwdcJW5JGqBEd2h/+SOBU05ijRlSauA6iQ5yJDXFjMxqfqpIgvAUjcnA0BhxooJ8Hn4GT40ygpGQ5sUaztXfGzniSmU8NJNFSrXsFeJ/3iDV0WWQ0zhJNYnx4lCUMqgFLJqAIyoJ1iwzBGFJTVaIJ0 girE1fNVOCu/zlVeK1mldN967d6FyXbVTBMTgBZ8AFF6ADbkEXeACDDDyDV/BmPVkv1rv1sRitWOVOHfyB9fkDoI2UVA==</latexit>
200, 000 total iterations
<latexit sha1_base64="HyFpaampCvX4aNAGkkkULOM4kv0=">AAACDXicbVDLSsNAFJ34rPUVdekmWAouQpkUQd0V3bisYGyhCWUynbZDJw9 mboQS+gVu/BU3LlTcunfn3zhJs9DWAwOHc85l7j1BIrgCjL+NldW19Y3NylZ1e2d3b988OLxXcSopc2ksYtkNiGKCR8wFDoJ1E8lIGAjWCSbXud95YFLxOLqDacL8kIwiPuSUgJb6Zr2JsY0x9kICYxlmnu3ZEAMRns2BySKlZn2zhhu4gLVMnJLUUIl23/zyBjFNQxYBFUSpnoMT8DMigVPBZlU vVSwhdEJGrKdpREKm/Kw4Z2bVtTKwhrHULwKrUH9PZCRUahoGOplvrRa9XPzP66UwvPAzHiUpsIjOPxqmwoLYyruxBlwyCmKqCaGS610tOiaSUN2EquoSnMWTl4nbbFw2nNuzWuuqbKOCjtEJOkUOOkctdIPayEUUPaJn9IrejCfjxXg3PubRFaOcOUJ/YHz+AAgImxo=</latexit><latexit sha1_base64="HyFpaampCvX4aNAGkkkULOM4kv0=">AAACDXicbVDLSsNAFJ34rPUVdekmWAouQpkUQd0V3bisYGyhCWUynbZDJw9 mboQS+gVu/BU3LlTcunfn3zhJs9DWAwOHc85l7j1BIrgCjL+NldW19Y3NylZ1e2d3b988OLxXcSopc2ksYtkNiGKCR8wFDoJ1E8lIGAjWCSbXud95YFLxOLqDacL8kIwiPuSUgJb6Zr2JsY0x9kICYxlmnu3ZEAMRns2BySKlZn2zhhu4gLVMnJLUUIl23/zyBjFNQxYBFUSpnoMT8DMigVPBZlU vVSwhdEJGrKdpREKm/Kw4Z2bVtTKwhrHULwKrUH9PZCRUahoGOplvrRa9XPzP66UwvPAzHiUpsIjOPxqmwoLYyruxBlwyCmKqCaGS610tOiaSUN2EquoSnMWTl4nbbFw2nNuzWuuqbKOCjtEJOkUOOkctdIPayEUUPaJn9IrejCfjxXg3PubRFaOcOUJ/YHz+AAgImxo=</latexit><latexit sha1_base64="HyFpaampCvX4aNAGkkkULOM4kv0=">AAACDXicbVDLSsNAFJ34rPUVdekmWAouQpkUQd0V3bisYGyhCWUynbZDJw9 mboQS+gVu/BU3LlTcunfn3zhJs9DWAwOHc85l7j1BIrgCjL+NldW19Y3NylZ1e2d3b988OLxXcSopc2ksYtkNiGKCR8wFDoJ1E8lIGAjWCSbXud95YFLxOLqDacL8kIwiPuSUgJb6Zr2JsY0x9kICYxlmnu3ZEAMRns2BySKlZn2zhhu4gLVMnJLUUIl23/zyBjFNQxYBFUSpnoMT8DMigVPBZlU vVSwhdEJGrKdpREKm/Kw4Z2bVtTKwhrHULwKrUH9PZCRUahoGOplvrRa9XPzP66UwvPAzHiUpsIjOPxqmwoLYyruxBlwyCmKqCaGS610tOiaSUN2EquoSnMWTl4nbbFw2nNuzWuuqbKOCjtEJOkUOOkctdIPayEUUPaJn9IrejCfjxXg3PubRFaOcOUJ/YHz+AAgImxo=</latexit><latexit sha1_base64="HyFpaampCvX4aNAGkkkULOM4kv0=">AAACDXicbVDLSsNAFJ34rPUVdekmWAouQpkUQd0V3bisYGyhCWUynbZDJw9 mboQS+gVu/BU3LlTcunfn3zhJs9DWAwOHc85l7j1BIrgCjL+NldW19Y3NylZ1e2d3b988OLxXcSopc2ksYtkNiGKCR8wFDoJ1E8lIGAjWCSbXud95YFLxOLqDacL8kIwiPuSUgJb6Zr2JsY0x9kICYxlmnu3ZEAMRns2BySKlZn2zhhu4gLVMnJLUUIl23/zyBjFNQxYBFUSpnoMT8DMigVPBZlU vVSwhdEJGrKdpREKm/Kw4Z2bVtTKwhrHULwKrUH9PZCRUahoGOplvrRa9XPzP66UwvPAzHiUpsIjOPxqmwoLYyruxBlwyCmKqCaGS610tOiaSUN2EquoSnMWTl4nbbFw2nNuzWuuqbKOCjtEJOkUOOkctdIPayEUUPaJn9IrejCfjxXg3PubRFaOcOUJ/YHz+AAgImxo=</latexit>
10, 000 adaptation iterations
<latexit sha1_base64="UhBvm6Bue5mTXcU35JrO/OV021M=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN8EiKIQyEUHdFd24rGBsoQllMp m0Q2eSMDMRSugzuPFV3LhQcevOnW/jJM1CWy8MfJxzL3PvCVJGpYLw26gtLa+srtXXGxubW9s75u7evUwygYmLE5aIXoAkYTQmrqKKkV4qCOIBI91gfF343QciJE3iOzVJic/RMKYRxUhpaWCeONCGEHocqZHguWd7NgpRqkrbs6kiokQ5HZhN2IJlWYvgVNAEVXUG5pcXJjjjJFaYIS n7DkyVnyOhKGZk2vAySVKEx2hI+hpjxIn08/KkqXWkldCKEqFfrKxS/T2RIy7lhAe6s1hdznuF+J/Xz1R04ec0TjNFYjz7KMqYpRKryMcKqSBYsYkGhAXVu1p4hATCOgnZ0CE48ycvgnvaumw5t2fN9lWVRh0cgENwDBxwDtrgBnSACzB4BM/gFbwZT8aL8W58zFprRjWzD/6U8fkDl 5GdEg==</latexit><latexit sha1_base64="UhBvm6Bue5mTXcU35JrO/OV021M=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN8EiKIQyEUHdFd24rGBsoQllMp m0Q2eSMDMRSugzuPFV3LhQcevOnW/jJM1CWy8MfJxzL3PvCVJGpYLw26gtLa+srtXXGxubW9s75u7evUwygYmLE5aIXoAkYTQmrqKKkV4qCOIBI91gfF343QciJE3iOzVJic/RMKYRxUhpaWCeONCGEHocqZHguWd7NgpRqkrbs6kiokQ5HZhN2IJlWYvgVNAEVXUG5pcXJjjjJFaYIS n7DkyVnyOhKGZk2vAySVKEx2hI+hpjxIn08/KkqXWkldCKEqFfrKxS/T2RIy7lhAe6s1hdznuF+J/Xz1R04ec0TjNFYjz7KMqYpRKryMcKqSBYsYkGhAXVu1p4hATCOgnZ0CE48ycvgnvaumw5t2fN9lWVRh0cgENwDBxwDtrgBnSACzB4BM/gFbwZT8aL8W58zFprRjWzD/6U8fkDl 5GdEg==</latexit><latexit sha1_base64="UhBvm6Bue5mTXcU35JrO/OV021M=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN8EiKIQyEUHdFd24rGBsoQllMp m0Q2eSMDMRSugzuPFV3LhQcevOnW/jJM1CWy8MfJxzL3PvCVJGpYLw26gtLa+srtXXGxubW9s75u7evUwygYmLE5aIXoAkYTQmrqKKkV4qCOIBI91gfF343QciJE3iOzVJic/RMKYRxUhpaWCeONCGEHocqZHguWd7NgpRqkrbs6kiokQ5HZhN2IJlWYvgVNAEVXUG5pcXJjjjJFaYIS n7DkyVnyOhKGZk2vAySVKEx2hI+hpjxIn08/KkqXWkldCKEqFfrKxS/T2RIy7lhAe6s1hdznuF+J/Xz1R04ec0TjNFYjz7KMqYpRKryMcKqSBYsYkGhAXVu1p4hATCOgnZ0CE48ycvgnvaumw5t2fN9lWVRh0cgENwDBxwDtrgBnSACzB4BM/gFbwZT8aL8W58zFprRjWzD/6U8fkDl 5GdEg==</latexit><latexit sha1_base64="UhBvm6Bue5mTXcU35JrO/OV021M=">AAACEXicbZDNSsNAFIUn9a/Wv6hLN8EiKIQyEUHdFd24rGBsoQllMp m0Q2eSMDMRSugzuPFV3LhQcevOnW/jJM1CWy8MfJxzL3PvCVJGpYLw26gtLa+srtXXGxubW9s75u7evUwygYmLE5aIXoAkYTQmrqKKkV4qCOIBI91gfF343QciJE3iOzVJic/RMKYRxUhpaWCeONCGEHocqZHguWd7NgpRqkrbs6kiokQ5HZhN2IJlWYvgVNAEVXUG5pcXJjjjJFaYIS n7DkyVnyOhKGZk2vAySVKEx2hI+hpjxIn08/KkqXWkldCKEqFfrKxS/T2RIy7lhAe6s1hdznuF+J/Xz1R04ec0TjNFYjz7KMqYpRKryMcKqSBYsYkGhAXVu1p4hATCOgnZ0CE48ycvgnvaumw5t2fN9lWVRh0cgENwDBxwDtrgBnSACzB4BM/gFbwZT8aL8W58zFprRjWzD/6U8fkDl 5GdEg==</latexit>
Application to gas/liquid interfaces
• 3D head-on collision of 2 equal-size droplets with reflexive separation [1]
• This is a very challenging case as dynamics is governed by surface tension [2]
[2] Janodet R. et al., ILASS, 2019 
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[1]Experiment
<latexit sha 1_base64="sM0WysVtyQPhVH 41vAmqmAqzpjY=">AAAB+3ic bVBNS8NAFHzxs9avaI9egkXw VBIR1FtRBI8VjC20oWy2m3bp 7ibsbsQQ6l/x4kHFq3/Em//G TZuDtg4sDPPe8GYnTBhV2nW/ raXlldW19cpGdXNre2fX3tu/ V3EqMfFxzGLZCZEijAria6oZ 6SSSIB4y0g7HV8W8/UCkorG4 01lCAo6GgkYUI22kvl3rcaRH kufXjwmRlBOhJ3277jbcKZxF 4pWkDiVaffurN4hxWpgxQ0p 1PTfRQY6kppiRSbWXKpIgPEZ D0jVUIE5UkE/DT5wjowycKJb mCe1M1d+OHHGlMh6azSKqmp8 V4n+zbqqj8yCnIkk1EXh2KEq Zo2OnaMIZUEmwZpkhCEtqsjp 4hCTC2vRVNSV4819eJP5J46L h3Z7Wm5dlGxU4gEM4Bg/OoAk 30AIfMGTwDK/wZj1ZL9a79TF bXbJKTw3+wPr8AQzVlTs=</l atexit><latexit sha 1_base64="sM0WysVtyQPhVH 41vAmqmAqzpjY=">AAAB+3ic bVBNS8NAFHzxs9avaI9egkXw VBIR1FtRBI8VjC20oWy2m3bp 7ibsbsQQ6l/x4kHFq3/Em//G TZuDtg4sDPPe8GYnTBhV2nW/ raXlldW19cpGdXNre2fX3tu/ V3EqMfFxzGLZCZEijAria6oZ 6SSSIB4y0g7HV8W8/UCkorG4 01lCAo6GgkYUI22kvl3rcaRH kufXjwmRlBOhJ3277jbcKZxF 4pWkDiVaffurN4hxWpgxQ0p 1PTfRQY6kppiRSbWXKpIgPEZ D0jVUIE5UkE/DT5wjowycKJb mCe1M1d+OHHGlMh6azSKqmp8 V4n+zbqqj8yCnIkk1EXh2KEq Zo2OnaMIZUEmwZpkhCEtqsjp 4hCTC2vRVNSV4819eJP5J46L h3Z7Wm5dlGxU4gEM4Bg/OoAk 30AIfMGTwDK/wZj1ZL9a79TF bXbJKTw3+wPr8AQzVlTs=</l atexit><latexit sha 1_base64="sM0WysVtyQPhVH 41vAmqmAqzpjY=">AAAB+3ic bVBNS8NAFHzxs9avaI9egkXw VBIR1FtRBI8VjC20oWy2m3bp 7ibsbsQQ6l/x4kHFq3/Em//G TZuDtg4sDPPe8GYnTBhV2nW/ raXlldW19cpGdXNre2fX3tu/ V3EqMfFxzGLZCZEijAria6oZ 6SSSIB4y0g7HV8W8/UCkorG4 01lCAo6GgkYUI22kvl3rcaRH kufXjwmRlBOhJ3277jbcKZxF 4pWkDiVaffurN4hxWpgxQ0p 1PTfRQY6kppiRSbWXKpIgPEZ D0jVUIE5UkE/DT5wjowycKJb mCe1M1d+OHHGlMh6azSKqmp8 V4n+zbqqj8yCnIkk1EXh2KEq Zo2OnaMIZUEmwZpkhCEtqsjp 4hCTC2vRVNSV4819eJP5J46L h3Z7Wm5dlGxU4gEM4Bg/OoAk 30AIfMGTwDK/wZj1ZL9a79TF bXbJKTw3+wPr8AQzVlTs=</l atexit><latexit sha 1_base64="sM0WysVtyQPhVH 41vAmqmAqzpjY=">AAAB+3ic bVBNS8NAFHzxs9avaI9egkXw VBIR1FtRBI8VjC20oWy2m3bp 7ibsbsQQ6l/x4kHFq3/Em//G TZuDtg4sDPPe8GYnTBhV2nW/ raXlldW19cpGdXNre2fX3tu/ V3EqMfFxzGLZCZEijAria6oZ 6SSSIB4y0g7HV8W8/UCkorG4 01lCAo6GgkYUI22kvl3rcaRH kufXjwmRlBOhJ3277jbcKZxF 4pWkDiVaffurN4hxWpgxQ0p 1PTfRQY6kppiRSbWXKpIgPEZ D0jVUIE5UkE/DT5wjowycKJb mCe1M1d+OHHGlMh6azSKqmp8 V4n+zbqqj8yCnIkk1EXh2KEq Zo2OnaMIZUEmwZpkhCEtqsjp 4hCTC2vRVNSV4819eJP5J46L h3Z7Wm5dlGxU4gEM4Bg/OoAk 30AIfMGTwDK/wZj1ZL9a79TF bXbJKTw3+wPr8AQzVlTs=</l atexit>
Simulation
<latexit sha 1_base64="m0NCyIpngchcA ggoEJ5kkOgTFU4=">AAAB+3 icbVBNS8NAFHypX7V+VXv0E iyCp5KIoN6KXjxWNLbQhrLZ btqlu5uwuxFCqH/FiwcVr/4 Rb/4bN2kO2jqwMMy8x5udIG ZUacf5tiorq2vrG9XN2tb2z u5eff/gQUWJxMTDEYtkL0CK MCqIp6lmpBdLgnjASDeYXud +95FIRSNxr9OY+ByNBQ0pRt pIw3pjwJGeSJ7dUZ6wQpwN6 02n5RSwl4lbkiaU6AzrX4NR hBNOhMYMKdV3nVj7GZKaYk ZmtUGiSIzwFI1J31CBOFF+V oSf2cdGGdlhJM0T2i7U3xsZ 4kqlPDCTeVS16OXif14/0eG Fn1ERJ5oIPD8UJszWkZ03YY +oJFiz1BCEJTVZbTxBEmFt+ qqZEtzFLy8T77R12XJvz5rt q7KNKhzCEZyAC+fQhhvogAc YUniGV3iznqwX6936mI9WrH KnAX9gff4AExaVPw==</lat exit><latexit sha 1_base64="m0NCyIpngchcA ggoEJ5kkOgTFU4=">AAAB+3 icbVBNS8NAFHypX7V+VXv0E iyCp5KIoN6KXjxWNLbQhrLZ btqlu5uwuxFCqH/FiwcVr/4 Rb/4bN2kO2jqwMMy8x5udIG ZUacf5tiorq2vrG9XN2tb2z u5eff/gQUWJxMTDEYtkL0CK MCqIp6lmpBdLgnjASDeYXud +95FIRSNxr9OY+ByNBQ0pRt pIw3pjwJGeSJ7dUZ6wQpwN6 02n5RSwl4lbkiaU6AzrX4NR hBNOhMYMKdV3nVj7GZKaYk ZmtUGiSIzwFI1J31CBOFF+V oSf2cdGGdlhJM0T2i7U3xsZ 4kqlPDCTeVS16OXif14/0eG Fn1ERJ5oIPD8UJszWkZ03YY +oJFiz1BCEJTVZbTxBEmFt+ qqZEtzFLy8T77R12XJvz5rt q7KNKhzCEZyAC+fQhhvogAc YUniGV3iznqwX6936mI9WrH KnAX9gff4AExaVPw==</lat exit><latexit sha 1_base64="m0NCyIpngchcA ggoEJ5kkOgTFU4=">AAAB+3 icbVBNS8NAFHypX7V+VXv0E iyCp5KIoN6KXjxWNLbQhrLZ btqlu5uwuxFCqH/FiwcVr/4 Rb/4bN2kO2jqwMMy8x5udIG ZUacf5tiorq2vrG9XN2tb2z u5eff/gQUWJxMTDEYtkL0CK MCqIp6lmpBdLgnjASDeYXud +95FIRSNxr9OY+ByNBQ0pRt pIw3pjwJGeSJ7dUZ6wQpwN6 02n5RSwl4lbkiaU6AzrX4NR hBNOhMYMKdV3nVj7GZKaYk ZmtUGiSIzwFI1J31CBOFF+V oSf2cdGGdlhJM0T2i7U3xsZ 4kqlPDCTeVS16OXif14/0eG Fn1ERJ5oIPD8UJszWkZ03YY +oJFiz1BCEJTVZbTxBEmFt+ qqZEtzFLy8T77R12XJvz5rt q7KNKhzCEZyAC+fQhhvogAc YUniGV3iznqwX6936mI9WrH KnAX9gff4AExaVPw==</lat exit><latexit sha 1_base64="m0NCyIpngchcA ggoEJ5kkOgTFU4=">AAAB+3 icbVBNS8NAFHypX7V+VXv0E iyCp5KIoN6KXjxWNLbQhrLZ btqlu5uwuxFCqH/FiwcVr/4 Rb/4bN2kO2jqwMMy8x5udIG ZUacf5tiorq2vrG9XN2tb2z u5eff/gQUWJxMTDEYtkL0CK MCqIp6lmpBdLgnjASDeYXud +95FIRSNxr9OY+ByNBQ0pRt pIw3pjwJGeSJ7dUZ6wQpwN6 02n5RSwl4lbkiaU6AzrX4NR hBNOhMYMKdV3nVj7GZKaYk ZmtUGiSIzwFI1J31CBOFF+V oSf2cdGGdlhJM0T2i7U3xsZ 4kqlPDCTeVS16OXif14/0eG Fn1ERJ5oIPD8UJszWkZ03YY +oJFiz1BCEJTVZbTxBEmFt+ qqZEtzFLy8T77R12XJvz5rt q7KNKhzCEZyAC+fQhhvogAc YUniGV3iznqwX6936mI9WrH KnAX9gff4AExaVPw==</lat exit>
Application to gas/liquid interfaces
• 3D head-on collision of 2 equal-size droplets with reflexive separation [1]
[1] Ashgriz, N., Poo, J.Y., JFM, 1990
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Application to gas/liquid interfaces
• High-Weber number example: kerosene jet-in-cross flow [1,2]
• Up to 1.6 billion tets on 8192 cores
32[1] Leparoux et al., ICLASS 2018[2] Ragucci et al., Atomization and Sprays, 2007
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Application to gas/liquid interfaces
• Parametric study of the kerosene jet-in-cross flow [1,2] 
33[1] Leparoux et al., ICLASS 2018[2] Ragucci et al., Atomization and Sprays, 2007
#1
#2
20µm 10µm ! = #$. &$'#(. &(')*+,-. = #(&('/0123
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Application to gas/liquid interfaces
• Simulation of oil churning [1,2] by M. Cailler, SAFRAN TECH
• 206 million tets on 1250 cores (Cobalt, CEA), adaptation cost = 42%
34[1] Cailler et al., ICMF, 2019[2] Leprince et al., Advances in Tribology, 2012
Metric field
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Performances
• Two-phase flow simulation on 1024 cores (Intel Xeon Skylake 2.4GHz)
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Performances
• Two-phase flow simulation on 1024 cores (Intel Xeon Skylake 2.4GHz)
• Cost of graph coloring+MMG and data transfer in the adaptation steps
36
• Despite packing/unpacking send/recv and fully parallel transfers, the 
total data transfer cost is around 600 µs/node, which is non negligible
+MMG
600 µs/node
200 µs/node
CNRS – UNIVERSITE et INSA de Rouen
Outline
• Context & Motivation
• Parallel mesh adaptation
– Principle
– Load balancing and data transfer
– Example
• Dynamic mesh adaptation
– Metric definition and adaptation triggering
– Examples
– Performances
• Improvements to the dynamic mesh adaptation process
• Conclusions & perspectives
37
CNRS – UNIVERSITE et INSA de Rouen
Metric error-based adaptation
• Aim: better control of the adaptation triggering
• Relative metric error
38
✏ = max
✓    Mcurrent  MtargetMtarget
    ◆
<latexit sha1_base 64="aAgI5eURLpQ7PhwGgpJBmj3CiyM=">AA AChnicbVFNT+MwEHXCV7fLQmGPXKytkNjDVg kfggtStVz2ggTSFpBIVU3cSWrhOJE9QVQhP 5Qrf2H/AG7oHkoZyZ6n92Y8o+e4UNJSELx4/ srq2vpG60v76+a3re3Ozu6NzUsjcCBylZu7G CwqqXFAkhTeFQYhixXexg8XM/32EY2Vuf5L 0wKHGaRaJlIAOWrUeY6wsFLlmp/zKIOnSGFC B839HCUGROVYmghQ1WU9qiKTcVEag5rqX0sK gUmR6nq5578SGZlO3MtN+jnqdINe0ARfBuE cdNk8rkadf9E4F2XmxgsF1t6HQUHDCgxJobB uR6XFAsQDpFg13tR831FjnuTGHU28YRfqILN 2msWucra0/ajNyM+0+5KSs2EldVESavE+KCk Vp5zPjOZjaVCQmjoAwki3IRcTcI6S+46FKQ RxqcA8Le4fx2Op07rddi6FHz1ZBjeHvfCod3 h93O3/nvvVYnvsBztgITtlffaHXbEBE+zVa3 k73q7f8nv+iX/6Xup7857vbCH8/hvPxMhq< /latexit>
• Triggering:                  in the refined
region
• This criterion simply states that the 
metric must keep its value in the 
refined region
• Example: water droplet convection
✏ > 0.5
<latexit sha1_base 64="KIwdihgs3QdiTEECNkmF0vZyU3I=">AA ACFnicbVDLSgMxFM3UVx1fVZdugkVwNcxURV dSdOOygn1AW0uSybShmWRIMmIp/Y9u9UPci Vu3foc/YNrOZlovBA7nnHDPPTjhTBvf/3EKa +sbm1vFbXdnd2//oHR41NAyVYTWieRStTDS lDNB64YZTluJoijGnDbx8H6mN1+o0kyKJzNK aDdGfcEiRpCx1HOHJppxKeAt9L2rXqnse/58 4CoIMlAG2dR6pd9OKEkaU2EIR1q3Az8x3TF ShhFOJ24n1TRBZIj6dDzPOoFnlgphJJV9wsA 5m/OhWOtRjK0zRmagl7UZ+Z/WTk100x0zkaS GCrJYFKUcGglnh8OQKUoMH1mAiGI2ISQDpB Axtp7cFoNwypF6zefHOGSiP3Fd21Kw3MkqaF S84MKrPF6Wq3dZX0VwAk7BOQjANaiCB1ADdU CAAlPwBt6dqfPhfDpfC2vByf4cg9w433+TQ J7f</latexit>
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Improved error-based load balancing
• The load balancing step can be enhanced by addressing the bad
quality cells and the metric errors via agglomeration coloring
39
• Proposed coloring algorithm
– Identify all cell groups with bad quality
cells and metric error
– For all flagged cell groups
• Pick a bad quality cell group and 
agglomerate with connected other
bad quality cell group
• Stop if large enough
– For all flagged colors
• Repeat agglomeration with
unflagged connected cell groups
• Stop if large enough
– Agglomerate the rest until reaching the 
number of colors (or ranks)
• The mesh is not perfectly balanced but contiguous (if initial mesh is). 
METIS is still called at the final step to ensure load balance
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Performances of new strategy
• Convection of water droplet
40
max =10
Previous adaptation strategy
Metric error trigerring
Error-based load balancing
-75%
Adaptation cost: 90 µs/iter/node Adaptation cost: 25 µs/iter/node
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Conclusions and prospects
• Dynamic mesh adaptation of material interfaces on distributed
memory systems is feasible and is a solution to achieve more
accuracy for a given cell count
• It has been employed for many industrial applications in 2018 and
2019 and has proven to be mandatory for certain cases
• Many theoretical and numerical developments are still required
– Modeling of space/time commutation errors in LES
– Sub-grid scale models for front capturing methods
– Performance model for better time control of adaptation
– Better load balancing algorithms
• A further step could be parallel 4D finite-volume adaptive methods.
Does someone has a good 4D simplex-based remesher?
42
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